Flagellin and several other external components of the bacterial flagellum are thought to be exported, not by the general N-terminal signal peptide-dependent pathway, but by a flagellum-specific pathway involving a central channel in the flagellum itself. We have constructed a variety of mutant alleles of the Escherichia coli flagellin gene. Mutant flagellins with large internal deletions or truncations of their C-terminal region could still be exported, even though they could not assemble into filament. The most extreme example was a fragment containing only the N-terminal 183 residues of the 497-residue wild-type flagellin. This result suggests that the N-terminal region of flagellin contains a signal that enables the protein to be recognized and exported by the flagellum-specific pathway.
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The bacterial flagellum of Escherichia coli or Salmonella typhimurium consists of at least three distinct parts: (i) the helical filament that extends some 10 ,um from the cell body; (ii) the basal body, a structure that consists of four rings and an axial rod and is likely to be part of the rotary flagellar motor; and (iii) the hook that connects the filament to the basal body ( Fig. 1) (5) .
Unlike the eukaryotic flagellum, the bacterial flagellum is not a membrane-enclosed extension of the cytoplasm. Rather, its external components lie beyond the cell membrane. How do these various components reach their final destinations within the organelle? The subunit proteins of the basal body L and P rings (6) , which are located in the outer membrane and the periplasmic space, respectively (7) , appear to be transported across the cell membrane by the general bacterial export pathway ( Fig. 1) (2) (3) (4) 34) , in which an N-terminal peptide of ==20 amino acids is cleaved during the export process. In contrast, several of the other components of the flagellum are thought to be exported across the cell membrane by a unique flagellum-specific mechanism ( Fig. 1) , which has not been well characterized but does not involve cleavage of an N-terminal signal (8, 9) . These components include the filament protein (flagellin), the hook protein, the hook-associated proteins [minor components required for assembly of flagellin subunits onto the hook (10) ], and probably the component proteins of the basal body rod.
During flagellar morphogenesis, elongation of the filament proceeds in a remarkable fashion by addition of flagellin subunits at its distal end (8, 11) . These subunits must therefore travel to an assembly point that can be as far as 10 Am from the surface of the 1-pum cell. It is suspected, though not proved, that the rod and hook also proceed by distal subunit addition. The most likely pathway for this transport is through the central channel of a tubular structure that, as morphogenesis proceeds, progressively consists of the rod, the rod-hook, and the rod-hook-filament. In three-dimensional image reconstructions offlagellar filament (12, 13) , such a central channel can be recognized so that the filament is indeed a tubular structure, not a solid one.
As part of an attempt to understand this pathway, we wish to know what aspects of flagellin are important for its successful export.
The middle region of E. coli flagellin appears to be dispensable since quite extensive internal deletions can be made and the protein is still exported and, indeed, assembled into filament (14) . Some flagellin mutant strains ofS. typhimurium synthesize a full-size protein, but it remains in the cytoplasm; such mutants have been termed transport or export defective (15) . The mutations all occur close to the 3' end ofthe flagellin gene, leading to the proposal that the C-terminal region of flagellin may be essential for export. However, we report here that some severely truncated mutant flagellins ofE. coli, lacking the C-terminal region, are exported just as efficiently as wild-type flagellin.
MATERIALS AND METHODS
Bacteria. E. coli strains YK4146 (fliC) (16) (2, 3, 34) ; they are therefore believed to use the general bacterial export pathway (4). The axial components (hatched area) do not have a cleaved signal sequence, and-at least in the case of the filament protein flagellin-are added at the distal end of the growing structure. They therefore use a flagellum-specific pathway, which is believed to consist of a central channel through the rod, hook, hook-associated proteins, and filament. The subunits must pass through this channel to reach their final destination. linker region; it encodes a 240-residue protein consisting of the first 238 residues of flagellin and two artificial residues, and it may also encode (as a separate fragment) the last 242 residues of flagellin as a result of a fortuitous ribosome binding site (20) and start codon. In pIK302, a 240-base-pair (bp) Sac II fragment near the 3' end of the gene has been deleted (in-frame), and so the gene encodes an internally deleted polypeptide with 417 residues of wild-type flagellin. pIK305 has an out-of-frame Pst I deletion in the latter half of the gene and encodes a protein consisting of the N-terminal 293 amino acid residues of flagellin and 15 artificial residues. pIK306 has a 4-bp, insertion into a Spe I site in the first half of the gene, which generates an in-frame stop codon; the plasmid encodes a protein consisting of the N-terminal 183-amino acid residues of flagellin. pIK301 has the Sac II fragment, which was deleted in pIK302, placed in the opposite orientation from the natural sequence; since this inversion does not generate a stop codon, pIK301 encodes a mutant protein that has 79 artificial residues substituting for the natural sequence (Table 1) .
Chemicals and Enzymes. These were obtained from standard commercial sources.
Manipulation of DNA. Plasmid constructions, manipulation of DNA, and transformation of host cells were all carried out by standard procedures. DNA sequencing of the linker region in plasmid pFD201 was carried out by the dideoxy nucleotide chain-termination method (21) using M13mpl8 phage.
Motility Assay. The ability of a plasmid to confer motility on the transformed host was assayed by inspection for swarming on semisolid plates as described (14 14) by SDS/PAGE (23) and Coomassie staining. The concentration of a given protein in the culture medium was estimated by densitometry of the gel using purified flagellin as a standard.
Immunoblotting. Pelleted cells or culture supernatants were subjected to SDS/PAGE, transferred to nitrocellulose, and immunoblotted with polyclonal antibody raised against monomeric flagellin as described (15 3 . Nucleotide sequence of the linker region of plasmid pFD201, which disrupts the E. coli flagellin gene. Artificially introduced DNA and amino acid sequence are shown in italics. As well as introducing a termination codon, the construction offers a potential in-frame restart because of the sequence GGAG (S-D, ShineDalgarno sequence) 6 bp upstream from a GTG codon. Thr Trp Tyr Val  pIK301  9  6  1  1  2  0  4  1  0  2  6  2  0  4  11  16  6  0  1  7  Wild type  9  2  4  11  0  2  2  11  0  2  9  6  0  1  1  5  7  0  1  6 The wild-type amino acid composition is based on the translated sequence of the Sac II fragment of the flagellin gene (19) ; that of pIK301 flagellin is based on translation of the inverse complement of the same fragment. SDS/PAGE. Amino acid sequence analysis ofthe N-terminal region of pFD201 flagellin was performed by the gas-phase method (Applied Biosystems, model 470A).
RESULTS
Export of a 31-kDa Flagellin Fragment. E. coli flagellin is a 51,172-Da protein with 497 amino acid residues (Fig. 2) (19) . Plasmid pFD2 is a plasmid we had constructed previously (17) , which contains the flagellin structural gene, fliC, mutated as a result of a small deletion and insertion of a HindIII linker in the central region of the gene; it also contains the flanking transcriptional and translational control regions of the gene. This mutant allele supports flagellation and motility. A derivative of this plasmid, pFD201, has a termination codon introduced into the linker region and should encode a 25,094-Da protein consisting of only the N-terminal 238 residues of wild-type flagellin plus two artificial residues (Figs. 2 and 3) . Nonflagellate hosts carrying a mutation in the flagellin structural gene (fliC) remained nonflagellate when transformed with pFD201. However, they exported a protein of apparent molecular mass 31 kDa in amounts such that it was the major protein component in the culture medium (Fig.  4A, lane b) . The concentration of the 31-kDa protein was estimated at 37 ,ug ml-1, comparable to the amount of wildtype flagellin (10 ug-ml-l) exported by mutants that (because of a defect in one or other of the hook-associated proteins) cannot assemble flagellin into filament (25) . We purified this A 31-kDa protein and determined the sequence of the Nterminal 24 residues. Since these were identical to those of wild-type flagellin (19) , we conclude that it was the pFD201-encoded mutant flagellin. Thus, the N-terminal 238 residues of flagellin (plus two artificial residues) constitute a protein that can be exported as efficiently as the 497-residue wild-type protein. However, since plasmid pFD201 contains a potential in-frame restart immediately following the reading frame for the N-terminal fragment (Figs. 2 and 3) , the possibility remained that virtually the entire flagellin protein was being synthesized-in two fragments-and that the 242-residue C-terminal fragment was in some way facilitating the export of the N-terminal fragment, even though it itself was not being exported. We therefore constructed other mutant alleles in which the possibility of a C-terminal helper fragment did not exist.
Export of Other Mutant Flagellins. Various plasmids with mutant flagellin alleles were constructed and tested for whether the resultant proteins could be synthesized, exported, and assembled into filament to confer motility (Fig.  2) . For reference, we examined (i) in-frame deletions of the central region of the gene, which were known (14, 17) termination about one-third of the way into the gene (pIK306 flagellin), and (v) an inversion that maintained an open reading frame encoding a protein with a large artificial replacement (Table 1) toward its C-terminal end (pIK301 flagellin).
The plasmids were introduced into a nonflagellate host (Fig. 2) . Except for those transformed with pFD2 or pFD301, none of the transformants was motile or even had filaments. However, with the single exception of cells transformed with pIK301, each exported into the culture medium one major protein, whose electrophoretic mobility corresponded to that predicted for the relevant mutant flagellin (Fig. 4B) . The most extreme case was pIK306, which encodes a 20-kDa Nterminal fragment consisting of only 183 residues. That these proteins were mutant flagellins was verified by immunoblotting with polyclonal anti-flagellin antibody. (Presumably because of extensive loss of the central region in pFD201 and pIK306 flagellin, the antigenicity was substantially reduced compared to full-length flagellin.) By blotting samples of whole-cell protein as well as of the culture medium supernatant, we were able to establish that all strains, including those transformed with pIK301 ( Fig. 4C) (8, 11) , lack of processing beyond cleavage of the N-terminal methionine (26) , and lack of a consensus signal sequence (19, 27, 28) , argues strongly for export by a flagellum-specific pathway (Fig. 1) .
The N-Terminal Region of Flagellin Is Likely To Constitute a Domain. A number of lines of evidence have led to a domain model for flagellin (12, 13, 29, 30) , wherein the N and C termini constitute highly conserved domains (19, 27) , both of which are necessary for the quaternary interactions of flagellin subunits within the flagellar filament. The third domain, consisting of the central region, is so highly tolerant of variation both in length and content that it can be deleted (14, 17) or replaced by a completely foreign sequence (e.g., that of lysozyme or cholera toxin; refs. 31, 35) and still provide normal function in terms ofassembly into helical filament and propulsion of the cell. This central region is the main antigenic region of flagellin (28, 29, 32) lying at the surface of the flagellar filament.
The fact that the N-terminal region alone can be recognized by the transport apparatus suggests it may possess some well-defined structure and provides further support for the domain model of flagellin.
It seems clear from the extreme tolerance within the central domain that it does not contribute either to important structural features or to information for export. We do not yet know whether the C-terminal sequence of flagellin contains information necessary for its export or whether it is dependent on the N-terminal sequence in this regard.
An Artificial C-Terminal Sequence Inhibits Export. The importance of conformation in export via the signal peptidedependent pathway has been demonstrated (for example, see ref. 33 ). Our results suggest that this may be true of the flagellum-specific export pathway also. The finding that large deletions of C-terminal sequence can be tolerated with respect to export (pFD201, pIK302, pIK305, and pIK306 flagellins), but that a substitution (pIK301 flagellin) blocks the process, implies that the wrong sequence is worse than lack of the right sequence. The artificial replacement in pIK301 flagellin differs drastically from wild type in amino acid composition (Table 1) as well as sequence, and there can be little doubt that this will disrupt the normal higher-order structure of the protein. To cite two examples: (i) The 79-residue artificial sequence contains 11 proline residues, 6 of them as adjacent pairs, whereas the corresponding wildtype sequence has only one. (ii) Wild-type flagellin from E. coli (and other species) lacks cysteine entirely, whereas the artificial sequence has two cysteine residues, which could form a disulfide bridge.
The deleterious effect of the wrong C-terminal sequence might be a result of the C-terminal domain interacting with the N-terminal domain and altering the structure of the latter in a manner that affects export. Alternatively, it might be that a full-length but wrongly folded C-terminal domain has too large a diameter to travel down the channel (which appears quite narrow by electron microscopy) and therefore prevents the N-terminal domain from doing so. It will be interesting in this regard to examine whether the failure of pIK301 flagellin to be exported is dominant-i.e., whether it can competitively inhibit export of wild-type flagellin.
C-Terminal Flagellin Defects in Spontaneous ExportDefective Mutants. Among spontaneous mutants that were defective in export of flagellin, the defects invariably appeared in the C-terminal region of the protein (15) . This contrasts with our findings (') that the N-terminal region contains sufficient information for its own export and (ii) that at least some massive alterations of the C-terminal region do not affect the export process. We suspect that the spontaneous mutations in the C-terminal region may be functionally analogous to that of pIK301 flagellin, causing poor folding into a domain too large to be accommodated within the channel. The failure to obtain export-defective mutations in the N-terminal region could be because they This work has been supported by U.S. Public Health Service Grant AI12202 (to R.M.M.).
